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In the Randall-Sundrum model, radion-Higgs mixing is weakly suppressed by the effective electroweak
scale. One of its novel features is a sizable three-point vertex among the Kaluza-Klein ~KK! graviton, Higgs
boson, and radion. We explore the potential of the Fermilab Tevatron and the CERN LHC in probing radion-
Higgs mixing via the associated production of the radion with the Higgs boson. The observation of the rare
decay of the KK gravitons into the radion and Higgs boson is then the direct and exclusive signal of radion-
Higgs mixing. We also study all the partial decay widths of the KK gravitons in the presence of radion-Higgs
mixing and find that if the mixing parameter is of the order of 1, the decay rate into a radion and a Higgs boson
becomes as large as that into a Higgs boson pair, with the branching ratio of the order of 1023.
DOI: 10.1103/PhysRevD.69.075011 PACS number~s!: 12.60.2i, 04.50.1h, 13.66.HkI. INTRODUCTION
The standard model ~SM! has been extraordinarily suc-
cessful in explaining all experimental data on the elec-
troweak interactions of gauge bosons and fermions up to
now. However, the masterpiece of the SM, the Higgs boson,
still awaits experimental discovery @1#. Theoretical consider-
ation of triviality and unitarity puts an upper bound of
(8pA2/3GF)1/2;1 TeV @2,3# on the Higgs boson mass. On
the other hand, the direct search has put a lower mass limit of
114.4 GeV on the SM Higgs boson at the 95% C.L. @4#,
while indirect evidence from electroweak precision data im-
plies a light Higgs boson of the order of O(100) GeV @5#. In
order to establish the Higgs mechanism for electroweak sym-
metry breaking, one also needs to study in detail Higgs bo-
son interactions with gauge bosons and fermions. Therefore,
one of the primary goals of future collider experiments is
directed toward the study of the Higgs boson.
The Higgs boson is also a clue to various models of new
physics beyond the SM, as its mass receives radiative cor-
rections very sensitive to UV physics. This is the so-called
gauge hierarchy problem. Recently, a lot of theoretical and
phenomenological interest has been drawn to a scenario pro-
posed by Randall and Sundrum ~RS! @6#, where an additional
spatial dimension of a S1/Z2 orbifold is introduced with two
3-branes at fixed points. A geometrical suppression factor,
called the warp factor, emerges and naturally explains the
huge hierarchy between the electroweak and Planck scales
with moderate values of the model parameters. A stabiliza-
tion mechanism was introduced @7# to maintain brane sepa-
ration and to avoid unconventional cosmological phenom-
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lighter than the Kaluza-Klein ~KK! states of any bulk fields.
In the literature, various phenomenological aspects of the
radion have been studied such as its decay modes @9,10#, its
effects on electroweak precision observations @11#, and its
phenomenological signatures at present and future colliders
@12#.
From the viewpoint of Higgs phenomenology, the pres-
ence of another scalar ~the radion! may modify the charac-
teristics of the Higgs boson itself even in the minimal RS
scenario where all SM fields are confined on the TeV brane.
It is due to radion-Higgs mixing originating from the gravity-
scalar mixing term, jR(gvis)Hˆ †Hˆ , where R(gvis) is the Ricci
scalar of the induced metric gvis
mn
. Here Hˆ is the Higgs field
in the five-dimensional context. It has been shown that
radion-Higgs mixing can induce significant deviations in the
properties of the SM Higgs boson @13–16#.
A complementary way to probe radion-Higgs mixing is a
direct search for the new couplings exclusively allowed with
a nonzero mixing parameter j . One good example is the
trilinear vertex among the KK graviton, the Higgs boson, and
the radion. In Ref. @17#, we have shown that, especially in
the limit of a large vacuum expectation value ~VEV! of the
radion, probing the hmn
(n)
-h-f through hf production at e1e2
colliders can provide very useful information on radion-
Higgs mixing, irrespective of the mass spectrum of the Higgs
and radion. This high energy collision process is complemen-
tary to the rare decay modes of the Higgs boson allowed with
nonzero j—e.g., h→ff—which can be sizable in some pa-
rameter space @16#.
In this work, we focus on the associated production of the
radion with the Higgs boson at hadronic colliders, the Fer-
milab Tevatron, and the CERN Large Hadron Collider
~LHC!. The higher center-of-mass ~c.m.! energy of the had-
ron colliders allows on-shell production of KK gravitons, the©2004 The American Physical Society11-1
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The observation of the rare decay of KK gravitons into hf is
then the direct and exclusive signal of radion-Higgs mixing.
In addition, the characteristic angular distribution could re-
veal the exchange of massive spin-2 KK gravitons.
This paper is organized as follows. Section II summarizes
the RS model and the basic properties of radion-Higgs mix-
ing. In Sec. III, we calculate the partial decay widths of the
graviton in the presence of radion-Higgs mixing. The pro-
duction cross section of pp(p¯ )→hf and the corresponding
kinematic distributions are discussed in Sec. IV. Section V
deals with the feasibility of detecting hf final states by con-
sidering specific decay channels of the Higgs and radion. We
summarize and conclude in Sec. VI.
II. REVIEW OF THE RANDALL-SUNDRUM MODEL AND
RADION-HIGGS MIXING
The RS scenario is based on a five-dimensional spacetime
with nonfactorizable geometry @6#. The single extra dimen-
sion is compactified on a S1/Z2 orbifold of which two fixed
points accommodate two 3-branes: the Planck brane at y
50 and the TeV brane at y51/2. Four-dimensional Poincare´
invariance is shown to be maintained by the following clas-
sical solution to the Einstein equation:
ds25e22s(y)hmndxmdxn2b0
2dy2, ~1!
where hmn is the Minkowski metric, s(y)5m0b0uy u, and
yP@0,1/2# . The five-dimensional Planck mass M 5 (e2
[1/M 5
3) is related to the four-dimensional Planck mass
(M Pl[1/A8pGN) by
M Pl
2
2
5
12V0
2
e2m0
, ~2!
where V0[e2m0b0/2 is the warp factor. On the TeV brane
one observes the mass of a canonically normalized scalar
field to be multiplied by the small warp factor—i.e., mphys
5V0m0. As the moderate value of m0b0/2.35 can generate
TeV scale physical mass, the gauge hierarchy problem is
answered.
In the minimal RS model, all SM fields are confined to the
TeV brane. Gravitational fluctuations about the RS metric,
such as
hmn→hmn1ehmn~x ,y !, b0→b01b~x !, ~3!
yield two kinds of new phenomenological ingredients on the
TeV brane—the KK graviton mode hmn
(n)(x) and the canoni-
cally normalized radion field f0(x)—defined by
hmn~x ,y !5 (
n50
‘
hmn
(n)~x !
x (n)~y !
Ab0
, f0~x !5A6M PlVb~x !,
~4!
where Vb(x)[e2m0[b01b(x)]/2. The four-dimensional effec-
tive Lagrangian is then07501L52 f0
Lf
Tm
m2
1
Lˆ W
Tmn~x ! (
n51
‘
hmn
(n)~x !, ~5!
where Lf(5A6M PlV0) is the VEV of the radion field, Tmm is
the trace of the symmetric energy-momentum tensor Tmn,
and Lˆ W5A2M PlV0. Note that both effective interactions
are suppressed by the electroweak scale, not by the Planck
scale.
All SM symmetries and Poincare´ invariance on the TeV
brane are still respected by the following gravity-scalar mix-
ing term @10,16#:
Sj5jE d4xAgvisR~gvis!Hˆ †Hˆ , ~6!
where R(gvis) is the Ricci scalar for the induced metric on
the visible brane, gvis
mn5Vb
2(x)(hmn1ehmn), H05V0Hˆ , and
j denotes the size of the mixing term. This j term mixes the
h0 and f0 fields into the mass eigenstates of h and f fields,
given by @16#
S h0f0D 5S 1 6jg/Z0 21/Z D S cos u sin u2sin u cos u D S hf D
5S d cb a D S hf D , ~7!
where g[v0 /Lf and
Z2[116jg2~126j![b236j2g2, ~8!
tan 2u512gjZ
mh0
2
mf0
2 2mh0
2 ~Z2236j2g2!
. ~9!
Note that in the RS scenario radion-Higgs mixing is only
suppressed by the electroweak scale of 1/Lf .
The eigenvalues for the square of masses are
m6
2 5
1
2Z2
$mf0
2 1bmh0
2 6A~mf02 1bmh02 !224Z2mf02 mh02 %,
~10!
where m1 (m2) is the larger ~smaller! between the Higgs
boson mass mh and the radion mass mf . Our convention is
that in the limit of j→0, mh0 is the Higgs boson mass. The
following constraint on j from the positivity of the mass
squared in Eq. ~10! is crucially operating in most of param-
eter space:
m1
2
m2
2 .11
2b
Z2 S 12 Z
2
b
D 1 2bZ2 F12 Z
2
b
G 1/2. ~11!
All phenomenological signatures of the RS model including
radion-Higgs mixing are specified by five parameters1-2
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m0
M Pl
, mf , mh , ~12!
which in turn determine Lˆ W5Lf /A3 and KK graviton
masses mG
(n)5xnm0Lˆ W /(M PlA2) with xn being the nth root
of the first order Bessel function. Some comments on the
parameters in Eq. ~12! are in order. First, the dimensionless
coefficient of radion-Higgs mixing, j , is generally of order 1
with the constraint in Eq. ~11!. The Lf which fixes the
masses and effective couplings of KK gravitons is also
constrained—e.g., by the Tevatron run I data of the Drell-
Yan process and by the electroweak precision data: mG
(1)
*600 GeV yields Lf*4 TeV @18#. For the reliability of the
RS solution, the ratio m0 /M Pl is usually taken around 0.01
&m0 /M Pl&0.1 to avoid too large bulk curvature @19#.
Therefore, we consider the case of Lf55 TeV and
m0 /M Pl50.1, where the effect of the radion on the oblique
parameters is small @11#. The radion mass is expected to be
light as one of the simplest stabilization mechanisms predicts
mf0
;Lˆ W/40 @7#. In addition, the Higgs boson mass is set to
be 120 GeV throughout the paper.
III. RADION-HIGGS MIXING AND GRAVITON PARTIAL
DECAY WIDTHS
The gravity-scalar mixing j R Hˆ †Hˆ modifies the cou-
plings among the h, f , and hmn
(n)
. In particular, a nonzero j
newly generates the trilinear vertices
hmn
(n)2h2f , hmn
(n)2f2f , h2f2f , f2f2f .
~13!
Focused on the phenomenologies at hadron colliders, we are
interested in KK graviton production and its decay exclu-
sively allowed to radion-Higgs mixing through the vertices
of hmn
(n)2h2f and hmn
(n)2f2f , defined by
^huhmn
(n)uf&[igˆ Ghf
2k1 mk2 n
Lˆ W
,
^fuhmn
(n)uf&[igˆ Gff
2k1 mk2 n
Lˆ W
. ~14!
Since the parameter g[v0 /Lf is very small with Lf
55 TeV and
gˆ Ghf →
g!1
O~g!, gˆ Gff →
g!1
O~g2!, ~15!
gˆ Ghf is much larger than gˆ Gff . Detail expressions are given
in Eq. ~A1!. In summary the channel hmn
(n)→hf is the most
effective in probing radion-Higgs mixing.
In the model of RS, graviton KK states are clean reso-
nances. Therefore, the production cross section of pp¯→hmn(n)
→hf depends critically on the width of the KK graviton. At
the graviton pole, the cross section can be expressed as07501sˆ ~qq¯ ,gg→hmn(n)→hf!;
8pG~hmn
(n)→qq¯ ,gg !G~hmn(n)→hf!
G total
2 mh
mn
(n)
2 ,
~16!
where G(hmn(n)→X) represents the partial decay width of hmn(n)
into the channel X, and G total is the total decay width of the
graviton.
We calculate all partial decay widths of the graviton hmn
(n)
as a function of its mass in the presence of the mixing j .
This is a new result in that the rare decay modes of hmn
(n)
→hf ,ff and the mass of decay product are taken into ac-
count. The partial decay widths are given as
G~hmn
(n)→W1W2!5
13
240p
mG
3
Lˆ W
2 S 11 5613 mW2 1 4813 mW4 D
3A124mW2 , ~17!
G~hmn
(n)→ZZ !5
13
480p
mG
3
Lˆ W
2 S 11 5613 mZ21 4813 mZ2 D
3A124mZ2 , ~18!
G~hmn
(n)→gg!5
1
40p
mG
3
Lˆ W
2
, ~19!
G~hmn
(n)→gg !5
1
5p
mG
3
Lˆ W
2
, ~20!
G~hmn
(n)→ f f¯ !5
N f
80p
mG
3
Lˆ W
2 S 11 83 m f2D ~124m f2!3/2,
~21!
G~hmn
(n)→hh !5
gˆ Ghh
2
480p
mG
3
Lˆ W
2
~124mh
2!5/2, ~22!
G~hmn
(n)→hf!5
gˆ Ghf
2
240p
mG
3
Lˆ W
2
b@12~mh1mf!2#2
3@12~mh2mf!2#2, ~23!
G~hmn
(n)→ff!5
gˆ Gff
2
480p
mG
3
Lˆ W
2
~124mf
2 !5/2, ~24!
where f 5q ,, ,n, , N f53(1) for f 5q(, ,n,), mx5mx /mG ,
l(a ,b ,c)5a21b21c222ab22ac22bc , and b
5l1/2(1,mf2 ,mh2). Note that the partial decay width depends
on the KK graviton mass, not on the KK mode number. The
total width of the graviton can be obtained by adding all the
partial widths.1-3
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graviton as a function of its mass. The Tevatron I constraint
of mG
(1)*600 GeV @20# suppresses most of the m i
([mi /mG) dependence, implying each BR remains almost
constant. Only the BR into a top quark pair has a moderate
dependence on mG . It is clearly shown that the dominant
decay mode is into a gluon pair. The next dominant mode is
into W1W2, followed by the modes into a light quark pair
and into neutrinos. The decay into a Higgs pair is suppressed.
In Fig. 2, we show the small BRs for hmn
(1)
→hh, hf, ff as a function of j for mf530, 70, 150 GeV,
respectively. As discussed before, we set Lf55 TeV and
m0 /M Pl50.1. Note that if radion-Higgs mixing is absent
~i.e., j50), hmn(1)→hf ,ff modes disappear. If j;O(1),
the BR(hmn(n)→hf) for a light radion becomes compatible
with BR(hmn(n)→hh), which is of order O(1023).
IV. HADRONIC PRODUCTION OF RADION-HIGGS PAIRS
The leading-order subprocesses involved in the hadronic
collisions for pp(p¯ )→hf are
qq¯→hmn(n)→hf , gg→hmn(n)→hf . ~25!
It is clear from Eq. ~16! that the gluon fusion process through
KK graviton resonances is dominant for the associated pro-
duction of the radion with the Higgs boson at hadronic col-
liders, especially at the LHC. Other subprocesses such as
qq¯→h*(f*)→hf are suppressed by small Yukawa cou-
plings. The other processes of gg→h*(f*)→hf are also
suppressed since they occur at the loop level and through
virtual intermediate scalars. This is contrary to the subpro-
cesses in Eq. ~25! through the graviton poles where the ma-
jority of the cross section comes from.
The partonic cross sections for these two channels are
given by
dsˆ
d cos u*
~gg→hmn(n)→hf!
5
gˆ Ghf
2
512p
l5/2
sˆ
S sˆ
Lˆ W
2 D 2uD Gu2sin4u*,
FIG. 1. The branching ratios of the KK graviton as a function of
mG with Lf55 TeV. Here q denotes a quark except for the top
quark.07501dsˆ
d cos u*
~qq¯→hmn(n)→hf!5
gˆ Ghf
2
768p
l5/2
sˆ
S sˆ
Lˆ W
2 D 2uD Gu2
3sin2u*cos2u*,
where u* is the scattering angle in the incoming parton c.m.
frame, l5(12mh2/sˆ2mf2 /sˆ )224(mh2/sˆ )(mf2 /sˆ ), and DG is
the KK graviton propagation factor, defined by Eq. ~B4!. In
the above equations, we use the Breit-Wigner prescription
for the graviton propagator. When the c.m. energy is away
from the graviton pole, the effect of the graviton width is
negligible.
In Fig. 3, we plot the total cross section at the Tevatron
(As52 TeV) and at the LHC (As514 TeV). In general, the
cross section at the Tevatron is of the order of 1 fb, which
means that we need a high luminosity option of the Tevatron
FIG. 2. The branching ratios of the first KK graviton into two
scalars as a function of j for ~a! mf530 GeV, ~b! 70 GeV, and ~c!
150 GeV. We set mh5120 GeV, Lf55 TeV, and m0 /M Pl50.1.1-4
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nately, the background at the Tevatron can be reduced sub-
stantially without hurting the signal much ~we shall show it
in the next section!. At first glance, the situation at the LHC
would be better: As can be seen in Fig. 3~b! the signal cross
section increases by three orders of magnitude. For the
lighter radion ~e.g., mf530 GeV) case, the cross section can
reach above the pb level. Even for heavier radions with mf
5150 GeV, this rare process can produce a cross section
close to the pb level if j is sizable. However, one has to bear
in mind that the QCD background increases more rapidly, as
well as one has to take into account other backgrounds that
were small at the Tevatron but large at the LHC. Therefore,
we anticipate that Tevatron is in fact a better place than the
LHC to search for radion-Higgs mixing via the hf→bb¯ j j
final state. In the next section, we show a detailed signal-
background analysis of searching for the hf mixing at the
Tevatron using the hf→bb¯ j j decay mode.
For instructional purposes, we show the transverse mo-
mentum and invariant mass distributions in Fig. 4. The reso-
nance structure due to KK graviton states is clear in both pT
and invariant mass distributions.
FIG. 3. For mf530, 70, 150 GeV, total cross section for the
associated production of the radion with the Higgs boson at ~a! the
2 TeV Tevatron (pp¯ collision! and ~b! at the LHC ~pp collision at
As514 TeV). As mentioned earlier, we always set mh
5120 GeV.07501V. DECAYS AND DETECTION OF THE RADION-HIGGS
PAIR
In this section, we consider the feasibility of detecting hf
pair production in run II at the Tevatron. For a Higgs boson
of mass around 120 GeV, the major decay mode is into bb¯ .
The partial decay rate into WW will begin to grow at mH
*140 GeV. Therefore, we shall focus on the bb¯ mode for
the Higgs boson decay. For a light radion with mf&2mW ,
because of the QCD trace anomaly, the major decay mode of
the radion is gg, followed by bb¯ ~a distant second!. When the
radion mass gets above the WW threshold, the WW mode
becomes dominant. At the Tevatron, we only consider the
light radion because the production cross section of the
heavy radion is very small. Considering the model param-
eters
Lf55 TeV,
m0
M pl
50.1, mh5120 GeV,
mf570 GeV, j51.5, ~26!
production of the hf pair will dominantly decay into bb¯gg .
The search for this final state is similar to the search for the
FIG. 4. ~a! Transverse momentum spectrum of the Higgs boson
reconstructed from h→bb¯ and ~b! the invariant mass m(bb¯ j j)
spectrum of the hf system. We set Lf55 TeV, m0 /M pl50.1, j
51, mh5120 GeV, and mf530 GeV. We have applied a smear-
ing DE/E50.5/AE , where E in GeV, to all final-state particles, and
we have imposed cuts pT(b , j).20 GeV.1-5
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cay of W and Z performed at CDF @21#. We can follow their
strategies to reduce the background.
The major background comes from the QCD heavy-flavor
production of bb¯ /cc¯ plus jets. Here the cc¯ pair can also fake
b tagging with a lower probability than the b quark. We
calculate the QCD bb¯12 jet background by a parton level
calculation, in which the subprocesses are generated by MAD-
GRAPH @22#. Typical cuts on detecting the b jets and light jets
are applied:
pT~b !.15 GeV, pT~ j !.15 GeV,
uy~b !u,2.5, uy~ j !u,2.5,
DR~k ,l !.0.4 where k ,l5b , j .
We have applied a Gaussian smearing DE/E50.5/AE/GeV
to the final-state b jets and light jets, in order to simulate the
detector resolution. Since the Higgs boson is produced to-
gether with a radion mainly via an intermediate graviton KK
state, the Higgs boson tends to have a large pT;mG(1)/2.
Therefore, a transverse momentum cut on the bb¯ pair is very
efficient against the QCD background while it only hurts the
signal marginally. Figure 5 shows the pT(bb¯ ) distribution.
We shall apply a cut
pT~bb¯ !.250 GeV ~27!
to reduce the background. The bb¯12 jet background is re-
duced to the 0.1% level. There are other backgrounds such as
t t¯ production, Z1jets with Z→bb¯ ,cc¯ , Wbb¯ ,Wcc¯ ,
Zbb¯ ,Zcc¯ , and diboson and single top production, which
only make up to about 1% of the total background.
The background is still two to three orders of magnitude
larger than the signal. We further impose the mass cut on the
FIG. 5. The transverse momentum distribution of the bb¯ pair of
the signal and the QCD background at the Tevatron with As
52 TeV. We set Lf55 TeV, m0 /M pl50.1, mh5120 GeV, mf
570 GeV, and j51.5. The imposed cuts are pT(b , j).15 GeV,
uy(b , j)u,2.5, and DR(k ,l).0.4, where k ,l5b , j .07501bb¯ and jj pair by requiring their invariant masses to be close
to the Higgs and radion masses, respectively:
um~bb¯ !2mHu,10 GeV, um~ j j !2mfu,10 GeV.
~28!
The background is reduced to the same level as the signal:
The signal cross section is about 0.66 fb while the back-
ground cross section is about 0.94 fb ~which may vary
;50% due to changes in the renormalization scale!. The
Tevatron run II delivered the total integrated luminosity to
about Lint5300 pb21 by August 2003 @23#: The current situ-
ation is not clear whether run II could reach a total luminos-
ity of 20 fb21 as first expected. If only a few fb21 luminosity
is to be obtained, it is not plausible to have a statistically
meaningful number of signal events. Further stringent cuts
may help improve the signal-to-background ratio, but it
would suppress the signal event rate to an unobservable level
even at a 20 fb21 luminosity.
The mass cuts of Eq. ~28! can be imposed because the
Higgs boson and radion should have been observed before
we search for their mixing effects. We can now look at the
invariant mass distribution of the Higgs boson and radion.
We show it in Fig. 6. It is easy to see the peaks due to the
graviton KK states.
So far we have not considered the signal-background
analysis at the LHC. The obvious reason is that the situation
at the LHC is actually getting worse. Although the signal is
increasing by three orders of magnitude, the background
grows much faster. Not only the bb¯ j j background that we
considered, we also have to consider other backgrounds such
as t t¯ , Wbb¯ , and Zbb¯ , because they are no longer negligible
at the LHC. Therefore, we anticipate that the Tevatron is in
fact a better place than the LHC to search for mixing via the
hf→bb¯ j j final state. If we could not find any evidence for
radion-Higgs mixing in the mass range ~low to intermediate
FIG. 6. The invariant mass distribution of the bb¯ j j of the signal
and the QCD background after applying all the cuts described in the
previous figure caption, Eq. ~27!, and Eq. ~28!.1-6
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n vertices, we have made use of the symmetry of hmn
n under
m↔n .Higgs and radion mass! that we are considering at the Teva-
tron, it would be even harder to do so at the LHC. Unless, if
one looks into another mass range of the Higgs boson and
radion, say, when the radion is heavier than 2mZ , and then
the golden mode f→ZZ→4l becomes very accessible. In
this case, the LHC would be a good place to search for
mixing.
VI. CONCLUSIONS
In the original Randall-Sundrum scenario where all SM
fields are confined on the visible brane, radion-Higgs mixing
is weakly suppressed by the radion VEV at the electroweak
scale. We have studied the phenomenological signatures of
this radion-Higgs mixing at hadron colliders. High energy
processes which can occur only with nonzero mixing have
been shown to provide complementary and valuable infor-
mation for the mixing. In particular, the vertex of hmn
(n)
-h-f ,
one of four triple vertices which would vanish without
radion-Higgs mixing, is expected to have the largest strength
in the limit of the large radion VEV—i.e., v0!Lf—as sug-
gested by the electroweak precision data.
We have studied all the partial decay widths of the KK
gravitons in the presence of radion-Higgs mixing. The decay
mode into a gluon pair is dominant. If the radion-Higgs mix-
ing parameter j is of order 1, the decay rate into a radion and
a Higgs boson becomes as large as that into a Higgs boson
pair, with the branching ratio of order 1023.
At hadron colliders, it is feasible to produce the KK gravi-
ton resonances, followed by their decay into a radion and a
Higgs boson, which is a clean signature of radion-Higgs
mixing. We have performed a signal-background analysis at
the 2 TeV Tevatron, restricting ourselves to the intermediate
mass range for the Higgs boson and radion ~otherwise the
cross section at the Tevatron would be too small to start
with!. The dominant decay mode is the hf→bb¯gg . Using
the strategic cuts that we devised in this work, we have been
able to reduce the major QCD background of bb¯12 j pro-
duction to the same level as the signal. With an integrated
luminosity of 20 fb21, which one can hope for in run II, one07501may be able to see a handful of such events. We anticipate
that the situation at the LHC is not improving for this inter-
mediate mass range of Higgs boson and radion, because the
QCD background increases much faster than the signal. On
the other hand, if one looks into the heavier mass range of
the radion, say, when the radion is heavier than 2mZ , then
the golden mode of f→ZZ→4l becomes very accessible. In
this case, the final state would consist of hf
→bb¯,1,2,1,2, which is very striking. Then the LHC
would be a good place to search for mixing.
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APPENDIX A: FEYNMAN RULES
Feynman rules relevant for Higgs-radion production at
hadron colliders are to be summarized, focused on trilinear
vertices as depicted in Fig. 7. Properly normalized vertex
factors are
gˆ Ghf56gj@a~gb1d !1bc#1cd ,
gˆ Gff56agj@ag12c#1c2,
gˆ Ghh56bgj@bg12d#1d2. ~A1!
In the limit of j→0, we have
lim
j→0
gˆ
Ghh
51, lim
j→0
gˆ
Gfh
50, lim
j→0
gˆ
Gff
50. ~A2!
The h-h-f and f-h-f vertices involve q2-dependent cou-
plings gˆ h ,f , parametrized by
gˆ f5gˆ f1~11mf
2 !1gˆ f2mh
22gˆ f3mh0
2
,1-7
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2!1gˆ h2mf
2 2gˆ h3mh0
2
, ~A3!
where
mh ,f[mh ,f /Aq2~mh0 ,f0[mh0 ,f0 /Aq
2!
and
gˆ h156bj$g~ad1bc !1cd%1ad2,
gˆ f156aj$g~ad1bc !1cd%1bc2,
gˆ h25d$12abgj12bc1ad~6j21 !%,
gˆ f25c$12abgj12ad1bc~6j21 !%,
gˆ h354d~ad12bc !13g21cd2,
gˆ f354c~2ad1bc !13g21c2d . ~A4!
For completion, we review the Feynman rules involving a
gluon pair in Fig. 8. We refer for the expressions of Cmn ,rs
and Dmn ,rs to Ref. @24# and
cˆ h52
as
4p F ~d1gb !(i F1/2~4m ih2 !22b3gbG ,
cˆ f52
as
4p F ~c1ga !(i F1/2~4m if2 !22b3gaG . ~A5!
Here F1/2(x)522x@11(12x) f (x)# and f (x)5
2(1/4)ln@(A12x11)/(A12x21)#2 with m i j[mi /m j .
APPENDIX B: HELICITY AMPLITUDES FOR gg\hf
AND qq¯\hf
For the gluon fusion process of
g~q1 ,l1!1g~q2 ,l2!→h~k1!1f~k2!, ~B1!
four-momenta in the parton c.m. frame are defined by
FIG. 8. Feynman rules involving gluon pairs.07501q1
m5
Asˆ
2
~1,0,0,1!, q2
m5
Asˆ
2
~1,0,0,21 !,
k1
m5
Asˆ
2
~11mh
22mf
2
,l1/2sin u*,0,l1/2cos u*!,
k2
m5
Asˆ
2
~12mh
21mf
2
,2l1/2sin u*,0,
2l1/2cos u*!, ~B2!
where mh ,f[mh ,f /Asˆ , upW hu5upW fu5l1/2Asˆ /2, and l51
1mh
41mf
4 22mh
222mf
2 22mh
2mf
2
. The l1(2)56 denotes
the gluon polarization, which specifies its polarization vec-
tors as
e1
m~q1 ,l1!5
1
A2
~0,2l1 ,2i ,0!,
e2
m~q2 ,l2!5
1
A2
~0,l2 ,2i ,0!. ~B3!
Defining the propagator factors of the KK graviton and
Higgs boson and radion by
DG5 (
n51
‘
sˆ
sˆ2mG(n)
2
1imG(n)GG(n)
,
Dh ,f5
sˆ
sˆ2mh ,f
2 1imh ,fGh ,f
, ~B4!
the helicity amplitudes dabMl1 ,l2 with the color factor of
dab are
M1152
sˆ
2vLf
~cˆ hgˆ hDh1cˆ fgˆ fDf!,
M1252
sˆl
Lˆ W
2
gˆ GfhD Gsin2u*, ~B5!
where M115M22 and M125M21 guaranteed by CP
invariance. Note that the contribution of the scalar mediation
is separated from that of KK gravitons according to the
gluon polarization.
For the differential cross section of
dsˆ
d cos u*
5
l1/2
32psˆ
uMu2, ~B6!
the gluon-polarization-averaged amplitude squared is1-8
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1
2 3
1
8 3
1
8 38@ uM11u
21uM12u21uM21u2
1uM22u2# , ~B7!
where the factor of 1/2 is for the gluon polarization average,
the factor of 1/8 for the gluon color average, and the factor of
8 for the color sum.07501For qq¯ annihilation production of the Higgs and radion,
the helicity amplitudes are the same as the case of e1e2
→hf except for the color factor @17#. Coordinating the no-
tation, we have
uMu2~qq¯→hf!5
gˆ Gfh
2
24 S lsˆLˆ W2 D
2
uD Gu2sin2u*cos2u*.
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